Abstract The concentration of cytosolic Cat + ([Ca]in) was examined in single bovine adrenal chromafhin cells by monitoring fura-2 fluoresence with microspectrofluorimetry. To see the correlation between [Ca]in and secretion, we also measured the rates of catecholamine (CA) secretion and 45Ca efflux from populations of cells . [Ca]in was constant in the majority of single cells, but the small oscillatory changes in [Ca]in were observed in a population of cells. These spontaneous Ca oscillations, when observed, disappeared either after removal of extracellular Cat + or by addition of D-600 or Mn2 +, but still persisted in the presence of tetrodotoxin (TTX) or after removal of extracellular Na + . In the silent cells the Ca fluctuations were often induced by Bay-K-8644. The characteristics of Bay-K-8644-induced Ca fluctuations were very similar to those of spontaneous ones. Low concentrations of nicotine (1 /2M), acetylcholine (ACh; 1-2 µM), or KCl (12.5 mM) often induced oscillations riding on a steady rise in [Ca]in. These changes were rapidly suppressed by removal of either extracellular Ca2~ or Nat, or by addition of either D-600 (methoxyverapmil) or TTX. A low concentration of ACh (1 JLM) or KCl (12.5 mM) also increased the rate of 45Ca efflux, but substantial secretion was not detected. On the other hand, the sustained rise in [Ca]in was evoked by 0.1 mM ACh, 20 tM nicotine, or 30 mM KCI, which was suppressed by removal of extracellular Cat +, but was little affected by TTX. A sustained increase in 45Ca efflux upon exposure to ACh was observed, possibly reflecting the sustained rise in [Ca]in. ACh also stimulated CA secretion, which was faded out during the prolonged application. Veratridine, a Na channel activator, caused repetitive sequence of Ca transients followed by a sustained rise in [Ca]in. These results, together with the previous electrophysiological findings, suggest that: (1) the spontaneous Ca fluctuations are closely associated with occurrence of spontaneous Ca2+ and Na+ action potentials; (2) the rise in [Ca]in induced by a low concentration of nicotinic agonists of KCI is mediated by Na+ action potentials as well as gradual membrane
in a Dulbecco's modified Eagle medium (Nissui) containing 10% fetal calf serum using the Corning plastic dishes under the cell floating condition. A part of a cell suspension was allowed to adhere to a glass coverslip (Matsunami), which had been coated with collagen or poly-L-lysine. When required, the aggregated cells maintained in culture were digested for 20-30 min at 37°C with a divalent cation-free (0.2% EDTA) standard solution containing 0.125% trypsin (Difco), and the isolated cells were plated on a glass coverslip. The cells maintained in culture for 1-5 days were used in the present study. When necessary, the chromaffin cell was identified by staining it with 0.01 mg/ml of neutral red (STUART et al., 1974) at the end of experiment.
Measurement of [CaJ1n. Cells plated on a glass coverslip were incubated in a standard solution containing 1 µM fura-2 acetoxymethyl ester (fura-2 JAM) and 0.1 % bovine serum albumin for 25-30 min at 37°C, followed by washing with a standard solution twice. A standard solution contains 150 mM NaCI, 5 mM KCI, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 5.5 mM glucose (pH was adjusted to 7.4 with addition of Tris). A glass coverslip was mounted in a superfusion chamber (designed similarly to the Rose chamber) and then placed on the stage of an inverted microscope (Nikon, TMD). Cells were continuously superfused at 0.5-1 ml/min with a standard solution at room temperature (25-27°C). To stimulate cells, the superfusion medium was switched to the test medium containing various agents. In most cases, [Ca] in was measured on cells with spherical appearance, which did not show any signs of neuron-like differentiation. Changes in [Ca] in were measured by dual excitation microfluorimetry using a CAM-200 spectrometer (Nihonbunko). A chopper serves to alternate the two excitation wavelengths (340 nm/380 nm) every 2.5 ms. From the ratio R=F340/F38o, [Ca] in was calculated using the formula derived previously (GRYNKIEWICZ et al., 1985) :
Fluorescence intensity at each wavelength was corrected for cellular autofluorescence, which was obtained in the presence of ionomycin (2RM) and MnCl2 (2 mM) at the end of each record. Calibration constants (Rmin Rmax, b) were determined in separate experiments with the same experimental setup. R value obtained from the cells loaded with fura-2/AM in the presence of 50 µM BAPTA/AM (a cell-permeant chelating agent; 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid, tetraacetoxymethyl ester; Dojin) and EGTA (0.1 mM) was referred to as Rmin. Rmax was obtained after adding to these cells a glucose-free medium containing ionomycin (5 µM), CaCl2 (5 mM), 2-deoxy-glucose (5 mM), and antimycin A (20 µM). We have assumed that ionomycin sufficiently equilibrates intracellular and extracellular concentration of Cat + in the chromaffin cells, but we occasionally obtained the R value very close to Rmax after stimulation with 0.1 mM ACh. Therefore, we cannot rule out the possibility that our calculation understates Rmax so that the real value of [Ca] in is lower than that obtained in this study. The value b, the ratio between fluorescence at 380 nm at minimal and maximal [Ca] in, was obtained after correcting for eventual loss of fura-2, which was estimated by checking the fluorescence due to excitation at 360 nm at the beginning and the end of experiments. Kd was assumed to be 224 nM (GRYNKIEWICZ et al., 1985) . Rmin, Rmax, and b averaged 0.51 + 0.03, 7.0 + 0.6, and 5.9 + 0.5 (N= 6), respectively.
Measurements of the rates of CA secretion and 45Ca efflux. Approximately 1-2 x 10' cells were loaded with 45Ca by incubation for 30 min at 37°C with a high KCl (80 mM) medium containing 0.5 mM 45CaC12 (50,uCi/ml). After washing several times with a standard solution, the cells were placed in a chamber (Swinnex filter holder) with a glass fiber filter (GF/C) as described (NIsHIMuRA and SORIMACHI, 1984) . The chamber was connected to a peristaltic pump by a polyethylene tube and was flowed with a standard solution at a rate of 1 ml/min at room temperature (25-27 °C). An aliquot (0.5 ml) of each effluent sample was mixed with Triton-based scintillator (4.5 ml) for counting 45Ca, and the other aliquots were saved for CA assay. CA was measured by the trihydroxyindole method without the intermediate alumina absorption procedure (ANTON and SAYRE, 1962) . Total CA was measured by reading fluorescence intensity at 400 nm/495 nm (excitation/emission), a condition under which equimolar concentrations of adrenaline and noradrenaline produced the same intensity. Five preliminary experiments indicated that both CA secretion and Ca efflux from fura-2-loaded cells in response to ACh were very similar to those from unloaded cells. Therefore, other experiments were done without loading fura-2.
RESULTS
The changes in [Ca] ;n by Na+ removal could be due to the inhibition of Na+-dependent Ca2+ efflux (RINK, 1977; NISHIMURA and SORIMACHI, 1984) . However, the Ca fluctuations were still present in the presence of 20 mM Na+ (Fig.  1 B) .
In the silent cells the Ca fluctuations were often triggered by the addition of Bay-K-8644 (2 µM; K-8644), a Ca channel activator (SCHRAMM et al., 1983) . The K-8644-induced Ca fluctuations were abolished by removal of extracellular Ca2 + ( Fig. 2A ; N= 5) and were partially inhibited by the simultaneous addition of 2 µM Japanese Journal of Physiology (Fig. 5) . However, the initial rise in [Ca] in in response to ACh (2 JiM) was still observed in cells pretreated with TTX (10 µM) for 2-5 min before stimulation (N= 3). The addition of TTX did not affect the sustained rise in [Ca] in induced by a prolonged exposure to a high concentration of nicotine (20 µM; N= 3; Fig. 4D ), ACh (0.1 mM; N= 4; data not shown), or KCl (30 mM; N= 3; data not shown).
The effect of mild depolarization with KCl on f Cain. It has been shown that a small depolarization by KCl increased the frequency of action potentials by activating the Na channels, as did a low concentration of ACh (BRANDT et al., 1976; KID0K0R0 and RITCHIE, 1980; NASSAR-GENTINA et al., 1988) . To examine the correlation between the Ca fluctuations and the frequency of action potentials, the effect of a rise in K+ on [Ca] in was investigated. The increased KCl concentration (12.5 mM) in the superfusion medium caused a small rise in [Ca] in, and this rise was followed by the Ca fluctuations in some cells (Fig. 6) . The Ca fluctuations vanished by removal of either extracellular Cat + ( Fig. 6A ; N= 5) or Na+ (replaced by N-methyl-D-glucamine; Fig. 6C ; N= 3), or by addition of either 0.1 mM D-600 ( 6B; N=3) or TTX ( Fig. 6D; N=5 ). The effect of veratridine. It has been shown that veratridine, a Na channel activator (OHTA et al., 1973) , increased the CA secretion and Ca uptake by the chromaffin cells (ITo et al., 1978 (ITo et al., , 1979 KIRPEKAR and PRAT, 1979) . In light of the TTX-sensitivity of the Ca oscillations evoked by ACh, nicotine, or mild depolarization, it was of interest to test the effect of veratridine. Veratridine (50-100 µM) often caused repeated [Ca] transients with a lag time ranging from 1 to 10 min. The transients (2-5 times) were followed by a sustained high level of [Ca] 1n in nine cells, but in two cells only the sustained increase was observed with no appreciable oscillation. The sustained elevation of [Ca] in could be due to a steady depolarization resulting from a large influx of Na+. In one cell exhibiting very small spontaneous Ca oscillations, veratridine generated Ca transients with fairly constant intervals of about 1.2 min for a 21-min period. The Ca transients were reversibly abolished by the addition of 10 µM TTX (Fig. 7A ) and also disappeared immediately after removal of Cat + (Fig. 7B) .
The rates of CA secretion and 45Ca efflux in response to secretory stimuli Since it is difficult to measure the secretory response of a single cell, rate of CA secretion was measured using the same populations of cells the mean as those employed for measuring [Ca] in. In the same experiment, 45Ca efflux rate was also measured, since it may reflect to some extent the changes in [Ca] in in view of the presence of a Ca-Ca exhange system (RINK, 1977; AGUIRRE et al., 1977; NISHIMURA and SORIMACHI, 1984) . The rates of CA secretion and 45Ca efflux in response to ACh at three different concentrations are shown in Fig. 8 . The threshold concentration of ACh required for evoking detectable secretion was found to be 2 µM (the increase above prestimulation value during a 6-min stimulation period was 0.13 + 0.02% of cellular CA content present at the time of stimulation; N= 8). On the other hand, in good accordance with the result of [Ca] in measurement, a significant increase in the rate of Ca efflux was always obtained at 1 µM ACh ( Fig. 8 ; the increase was 1.35+0.22% of cellular 45Ca content present at the time of stimulation per 6 min; N= 8). During 10-min application, CA secretion was faded out, but the rate of Ca efflux above the basal value was maintained. The increases in the CA secretion and Ca efflux in response to 2 RM ACh were partially inhibited by 5-min treatment of the cells with TTX (10 µM) by reducing their magnitudes from 0.12 + 0.02 and 1.89 ± 0.49% increase/6-min stimulation period, respectively, to 0.06 + 0.02 and 1.56 + 0.53%, respectively (N=4; p <0.05, Student's t-test). The result parallels the observation that TTX reduces but does not eliminate the ACh-induced increase in [Ca] ;n in single cells. Mild depolarization with 12.5 mM KCl increased Ca efflux (0.66 + 0.25% increase/6 min; N= 4) with no appreciable increase in CA secretion (0.02 ± 0.01% increase/ 6 mm; N=4). induced by 50 µM Fig. 8 . Effects of three different concentrations of ACh on the rates of catecholamine (CA) secretion and 4SCa efflux from populations of cells. Note that 1µM ACh significantly increased Ca efflux rates (empty and filled circles) without stimulating CA secretion (empty and filled triangles). Empty and filled symbols show both parameters in the presence and absence of ACh, respectively. Each symbol and bar represents the mean and S.E., respectively (N=4).
M. SORIMACHI, K. YAMAGAMI, T. YADA, and S. NISHIMURA problem inherent in the quint method resides in the fact that cells need to be loaded with a very high concentration (up to 1 mM) of the compound to get reliable signals.
Buffering by quin2 may reduce the peak [Ca] in induced by agonist and prolong the Ca influx possibly by attenuating Ca-induced Ca inactivation. By comparison, the buffering capacity of fura-2 is much weaker than that of quin2 because of its lower loaded concentration , and we found in this study with fura-2 microfluorimetry that single chromaffin cells often showed spontaneous and secretagogue-induced fluctuations of [Ca] in. These [Ca] in changes may reflect cellular Ca regulation actually occurring in the fura-2-unloaded cells.
Although [Ca] in remained constant in most cells, a small number of cells showed spontaneous fluctuations of [Ca] in. This oscillating [Ca] in activity disappeared either by removal of extracellular Cat + or by addition of Ca channel blockers (D-600 and Mn2 +), indicating that the increase of [Ca] in was caused by transmembrane influx of Cat + . On the other hand, the Ca fluctuations still persisted either in the presence of TTX or in the absence of extracellular Na+, even though the reduced frequency and amplitude were noticed in the presence of TTX in some cells. The previous electrophysiological studies may help to explain these results. KID0K0R0 et al. (1982) have succeeded in recording membrane potential fluctuations which occasionally give rise to action potentials in the cultured rat chromaffin cells. The spontaneous spike activity recorded extracellularly in these cells was abolished by 5 mM Co2 +, but its frequency was only slightly reduced by TTX (from 0.06 to 0.04 spikes/s; KID0K0R0 and RITCHIE, 1980) . NASSAR-GENTINA et al. (1988) have shown that the frequency of spontaneous action potentials recorded intracellularly in the mouse chromaffin cells was unaffected by removal of either extracellular Na+ or Cat + and was reduced only slightly by the presence of TTX, although both amplitudes of action potentials and inward membrane currents were reduced under these conditions. These results indicate that both Na and Ca components are involved in the spontaneous action potentials, and that either Na+ or Ca2+ currents generate spontaneous action potentials. Thus, the spontaneous Ca fluctuations in bovine chromaffin cells seemed to share the common ionic basis with spontaneous electrical activity in rat and mouse chromaffin cells. This led us to consider that the spontaneous Ca fluctuations are closely associated with occurrence of spontaneous action potentials, which leads to activation of the voltage-dependent Ca channels. The low frequency of action potentials may be responsible for occasional occurrence of the spontaneous Ca fluctuations. Supporting this idea is the finding that the Ca channel activator Bay-K-8644 often evoked the Ca fluctuations in the silent cells. However, our results do not rule out the possibility that Ca influx through the Ca channels triggers release of Ca2 + from intracellular stores, contributing further to the Ca fluctuations.
A low concentration of nicotine, ACh, or KCl induced a rise in [Ca] in, which was often followed by the oscillating changes. The sustained rise in [Ca] in and accompanying fluctuations disappeared either by removal of extracellular Ca2 + or by addition of D-600. In contrast to the spontaneous Ca fluctuations, however, the secretagogue-induced Ca fluctuations were attenuated either by removal of extracellular Na+ or by addition of TTX, indicating that the voltage-dependent Na channels, in addition to the Ca channels, play an important role in maintaining the secretagogue-induced Ca fluctuations. The electrophysiological findings indicate that ACh increases influx of Na and possibly Ca through the ACh receptor channels, and that a resultant depolarization activates Na channels to generate action potentials (BRANDT et al., 1976; KIDOKOR0 and RITCHIE, 1980; KIDOKOR0 et al., 1982; FENWICK et al., 1982a, b; NASSAR-GENTINA et al., 1988) . It was also shown that a small KCl depolarization increased the frequency of action potentials by activating the Na channels (BRANDT et al., 1976; KIDOKORO and RITCHIE, 1980; NASSAR-GENTINA et al., 1988) and that the increased spike frequency was counteracted by TTX and Cot + (KIDOKOR0 and RITCHIE, 1980) . Based on these findings, our results on the secretagogue-induced Ca oscillations may be explained by the increased Na influx through the Na channels, which, in turn, triggers activation of the voltage-dependent Ca channels. Since the constant spike frequency continued for a few minutes in the presence of ACh or a low K concentration (BRANDT et al., 1976; KIDOKOR0 and RITCHIE, 1980) , the Ca oscillations may result from fluctuations in Ca influx through the Ca channels. However, these results do not rule out the possibility that activation of the muscarinic ACh receptor partially contributes to the ACh-induced Ca oscillations, since muscarinic agonists increase [Ca] in by mobilizing intracellular Ca (KA0 and SCHNEIDER, 1985, 1986; MISBAHUDDIN et al., 1985) . This possibility is under investigation in our laboratory.
On the other hand, both a rise in [Ca] in in single cells and the increases in the CA secretion and 45Ca efflux from populations of cells in response to 2 µM ACh were still partially observed in the presence of TTX. These results suggest that some portion of the increased [Ca] in is not mediated by activation of the Na channels, but due to Ca influx through the voltage-dependent Ca channels activated by the ACh receptor-mediated depolarization. Direct activating effect on the Ca channels could be a more predominant mechanism for causing a sustained increase in [Ca] in by a high concentration of ACh (0.1 mM) or nicotine (20 µM) because of the least TTX-sensitivity. The prolonged rise in [Ca] in in the presence of these agents could be partially attributable to the substantial buffering capacity of fura-2, but the rate of 45Ca efflux from the fura-2-unloaded cells also retained its elevated level in the presence of ACh (Fig. 8) . These results suggest that the increased influx of Ca continues as long as a nicotinic agonist is present.
ACh at a concentration of 1 µM did not stimulate the CA secretion from populations of cells despite increasing both [Ca] in in most single cells and the rate of Ca efflux from populations of cells. A similar increase in [Ca] in without accompanying substantial secretion was observed with stimulation by muscarinic agonists SCHNEIDER, 1985, 1986; MISBAHUDDIN et al., 1985) or KCl (12.5 mM; in this study). It was also shown that the CA secretion by a prolonged stimulation with ACh vanished even if the [Ca]in was maintained above the basal level. These results are thus consistent with the view that the secretory mechanism does 1986 not operate unless the critical [Ca] 1n is attained (KA0 and SCHNEIDER, MISBAHUDDIN et al., 1985) .
